ABSTRACT: The formation of amylose−polystyrene inclusion complexes via a novel two-step approach is described. In the first-step, styrene was inserted inside the amylose helical cavity, followed by free radical polymerization in the second step. The inclusion complexes were characterized by attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR), ultraviolet spectroscopy (UV), X-ray diffraction (XRD), atomic force microscopy (AFM), and differential scanning calorimetry (DSC). The formation of polystyrene was confirmed by gel permeation chromatography (GPC). The molecular weight of polystyrene can be varied by using amylose bearing different molar masses. The approach described here is general and could be used to synthesize other host−polymer inclusion complexes for which long chains of polymeric guests are difficult to insert into the host cavity.
■ INTRODUCTION
Amylose is a natural linear polysaccharide having α-(1→4) glycosidic linkages. 1 This component constitutes only around 20−30% of starch, compared to 70−80% amylopectin. 2 Amylose can be present in a disordered amorphous phase or helical forms. 3 The helical form can be either a double helix or a single helix, which is also known as a V-amylose. In V-amylose, the hydrophobic cavity (inside the helix of amylose) provides a space for small guest molecules resulting in the formation of inclusion complexes. 3−6 Hydrophobic and van der Waals interactions are the main driving forces for the formation of inclusion complexes between amylose and guest molecules. 7, 8 Amylose-inclusion complexes can be used in areas such as molecular imprinting, 9 nanosized delivery systems for unsaturated fatty acids, 10 structuring modeling for starch, 11 and flavor encapsulation in food science. 12 Until now, two kinds of methods were introduced to synthesize amylose-inclusion complexes. The first method is based on insertion, where hydrophobic guest molecules are inserted inside the amylose helical cavities by direct mixing. 13−15 Some pretreatments can be applied to enhance the amylose−guest interactions. 14−18 In the second approach, known as "vine-twinning polymerization", amylose is synthesized around the guest molecule via enzymatic polymerization. 19−22 Amylose is synthesized from maltoheptaose primers using phosphorylase enzyme, and details are described elsewhere.
23−26
The vine-twinning polymerization approach was invented to form amylose−polymer inclusion complexes, as the weak hydrophobic interactions are not sufficient to insert long polymer chains in the amylose cavities. 27 However, vinetwinning polymerization is not possible for strongly hydrophobic polymers due to their aggregation in a aqueous buffer solvent. 27 In order to obtain inclusion complexes from strongly hydrophobic polymers, a parallel enzymatic polymerization system was previously performed. 28 However, this parallel system is applicable only to those polymers that can be easily polymerized by enzymes. Moreover, enzymatic polymerization is time-consuming and expensive for mass-scale production compared to the chemical synthesis method.
In this paper we demonstrate a novel, inexpensive, and simple approach to synthesize amylose−polymer inclusion complexes. The approach contains two steps: the monomer is inserted inside the amylose cavity in the first step, followed by polymerization in the second step. The formation of amylose− polystyrene (amylose-PS) inclusion complexes by a two-step procedure is reported. Styrene is in the initial step inserted into amylose, and free radical polymerization of the styrene inside amylose is performed in the second step in order to obtain amylose−PS inclusion complexes. Previously, Kollisch et al. demonstrated living radical polymerizations of CD-complexed styrene in water via the reversible addition−fragmentation chain transfer process. 29 To the best of our knowledge, this is the first study of amylose inclusion complex formation in which a monomer is polymerized inside the helical cavity of amylose to obtain inclusion complexes.
■ EXPERIMENTAL SECTION
Materials. Amylose with a molecular weight of ∼180 kg/mol was purchased from Avebe. Low molecular weight amylose (∼43 kg/mol) was prepared by alkali degradation of higher molecular weight amylose. 30 Mica sheets were obtained from Emsdiasum. 2,2′-Azobisisobutyronitrile (AIBN), styrene, and methanol were purchased from Sigma-Aldrich. Styrene was purified by vacuum distillation 31 before use, and other reagents were used as received.
Formation of Inclusion Complexes. Amylose−Styrene Inclusion Complexes. Amylose−styrene complexes were prepared by mixing of 1 g of amylose with styrene [5, 10 and 20% (w/w)] in water (15 mL) in screw cap vials and rotated at 85°C for 4 h to suspend the amylose and styrene in water. Subsequently, the suspension was transferred to a pressure vessel and heated under continuous stirring until the solution temperature reached 160°C. Afterward, the solution was cooled from 160 to 80°C in a ventilation oven and rotated overnight to form the complex.
Free Radical Polymerization of Styrene Using AIBN. The amylose−styrene complexes prepared above were mixed with 5% (w/w) AIBN to start the free radical polymerization. The solution was rotated overnight to complete the polymerization of styrene at the same temperature. The final product was precipitated in methanol, and the precipitate was washed with hot water three times before being freeze-dried overnight for further characterization. The yields of product were around 30−35%, which was determined from gravimetric analysis based on the total weight of amylose and styrene.
Removal of PS from Amylose−PS Inclusion Complex. PS was removed from the complex for molecular weight analysis by overnight immersion in toluene. 32 PS solubilized in toluene while amylose still remained as a precipitate. This solution was centrifuged for 20 min at 2000 rpm to reach better separation of precipitated amylose and supernatant PS solution. PS was precipitated in methanol, filtered, and finally dried in a vacuum oven.
Characterization. A Bruker IFS88 FT-IR spectrometer equipped with a MCT-A detector was used to collect infrared spectra, at a resolution of 4 cm −1 with an average of 50 scans. UV spectra were recorded on a PYE Unicam SP8−200 spectrophotometer. X-ray diffraction (XRD) measurements were performed on a powder diffractometer (Bruker D8) using CuKα with a wavelength of 1.54 Å as a radiation source. Atomic force microscopy (AFM) images of the samples were obtained in the tapping mode of the Digital Instruments EnviroScope AFM, operated with a Nanoscope IIIa controller using commercial Veeco RTESPW silicon cantilevers ( f o = 240−296 kHz and k = 20−80 N/m as specified by the manufacturer). The samples for AFM were prepared by drop casting of methanol solution (2 mg/ mL) on freshly cleaved mica. Differential scanning calorimetry (DSC) scans of the samples were carried out in stainless steel large volume cups against an empty reference cup by Perkin-Elmer Pyris 1 DSC at a heating rate of 10°C/min from 20 to 160°C. The samples for DSC were prepared as a suspension of 10% (w/w) in water. GPC measurements were performed in tetrahydrofuran (THF) on a Viscotek GPC operated with model 302 TDA detectors, using 2 columns (Pl-gel 5 μ 30 cm mixed-C from Polymer Laboratories) with a flow rate of 1 mL/min.
■ RESULTS AND DISCUSSION
Helical amylose has a hydrophobic cavity that enables the inclusion of hydrophobic guest molecules to form amyloseinclusion complexes. As mentioned earlier, it is difficult to form inclusion complexes with very hydrophobic polymers such as PS due to the aggregative nature of PS in aqueous solution. An alternative two-step process was developed as represented in Figure 1 to prepare amylose−PS inclusion complexes. In the first step, styrene was inserted inside the amylose helical cavity, and styrene was then polymerized in the second step to form amylose−PS inclusion complexes. Styrene is a hydrophobic monomer, but it has a relatively lower hydrophobicity compared to PS. 33 Therefore, water can be used as a medium to achieve the inclusion complex. Due to the hydrophobic− hydrophobic interactions, amylose−styrene complexes are formed. Two different molecular weight amyloses were used to synthesize inclusion complexes.
The formation of amylose-PS complexes was confirmed by attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR) analysis by taking spectra of the initial and final products.
34 Figure 2 shows the spectra of amylose (high M w ), PS, and amylose−PS inclusion complexes in the region of 700−1250 cm
. Inclusion complexes of amylose with 5, 10, and 20% (w/w) PS are shown as amylose−PS-5, amylose−PS-10, and amylose−PS-20, respectively. It is clear from the spectra of the inclusion complex that the complex exhibited all absorption bands that are characteristic for amylose. In Table  1 the IR results are summarized. It becomes obvious that the C−O bending vibration (amylose peak) was moved to a higher value in the complexes compared to pristine amylose. Furthermore, an additional peak (inclusion-complex peak) appeared in the complexes at around 1012 cm −1 . These effects clearly prove the inclusion of PS into the amylose helices. 34 Furthermore, it becomes obvious that the position of the amylose peak increases to higher wave numbers with increasing % (w/w) of PS. This is due to the higher number of polymer chains inside the helical cavity of amylose. Moreover, with increasing concentration of PS, the intensity of the amylose peak significantly decreased, and the inclusion-complex peak increased. 35 The synthesis of amylose−PS inclusion complexes was further confirmed by UV spectroscopy. 36, 37 The UV absorption spectra of the samples were recorded in a dimethyl sulfoxide (DMSO) solution. PS becomes soluble in DMSO at elevated temperatures, 38 therefore samples were heated at 120°C for 4h to prepare samples for UV measurements. Figure 3 shows the UV spectra of amylose, PS, and amylose−PS-5 complex. As can be seen from Figure 3 , the maximum absorbance of PS at 270 nm was absent in the spectrum of the inclusion complex. The complex shows a broad absorbance peak at 288 nm ,which was not present in the spectra of amylose. The appearance of an additional peak in the complex compared to amylose may be due to the stabilized amylose helix due to complexation.
Furthermore, XRD was used to confirm the formation of inclusion complexes. Figure 4 shows the XRD patterns of PS, amylose, and amylose−PS-5 inclusion complex. Amylose shows its typical 2θ peaks at around 17°and 22.7°, and the diffraction peak of PS appeared at 22.5°. The inclusion complex presents two peaks at 13°and 20°, which are the characteristics peaks for the helical inclusion complex structures as described for other amylose−guest inclusion complexes prepared by different approaches. 39, 40 The morphology of the amylose and amylose-PS complexes was evaluated by AFM in the tapping mode. The thermal behavior of the amylose-PS-5 inclusion complexes in comparison to pristine amylose and PS was studied by DSC ( Figure 6 ). The thermogram obtained from PS showed a characteristic T g around 100°C. Compared to amylose and PS, the amylose−PS complex showed a single endotherm at around 117°C, which was absent in the pristine amylose. This endotherm is due to the dissociation of the inclusion complexes as reported in our previous studies. 11, 14 Furthermore, the T g of PS is not visible in the amylose−PS complex, which indicates that PS is present only as the guest molecules in the amylose helix.
PS chains can be removed from the amylose−PS inclusion complex by washing the complex with toluene. 32 Figure 7 shows spectra of amylose, the unwashed amylose−PS-20 complex, and samples that were washed for 1 min and . This shows that some PS remains in the complex even after overnight washing.
GPC was used to determine the molecular weight of PS prepared inside the helical cavity of amylose via free radical polymerization of styrene. Two different molecular weight amyloses (180 kg/mol and 43 kg/mol) were used to obtain PS of different molecular weights. PS was removed from the complex by toluene, followed by precipitation in methanol as described in the Experimental Section. Free radical polymerization of styrene (PS) was also performed without amylose to compare polydispersity of products. GPC results are shown in Figure 8 and are summarized in Table 2 . As expected, higher molecular weight PS (PS1) was separated from higher molecular weight amylose, and lower molecular weight PS (PS2) was obtained from lower molecular weight amylose complexes. The polydispersities obtained are significantly lower than expected for free radical polymerizations (PDI = 4.5), which is in excellent agreement with theoretical studies that have shown this effect for chain growth polymerizations in nanoconfinement (in our case, the inside of the amylose helix). 42−45 The decreased polydispersity of free radical polymerizations in confinement were observed by other groups as well. 43−46 In the free radical polymerization of styrene/β-cyclodextrin complexes in water 29, 47 a decreased polydispersity compared to free radical polymerization was observed as well; however, the effect is stronger in the amylose due to the stronger confinement effect of amylose as compared to cyclodextrin (which can clearly be seen by the fact that increasing molecular weight of amylose decreases the polydispersity of the synthesized PS; see Table 2 ).
■ CONCLUSIONS
We have demonstrated a simple two-step method for the synthesis of amylose−PS inclusion complexes. Styrene is introduced inside the hydrophobic helical cavity of amylose in the first step and polymerized via free radical polymerization with AIBN in the second step. The amylose inclusion complexes were characterized in detail by IR spectroscopy and XRD, and their aggregative nature was revealed by AFM. PS can be removed from the complex by washing with toluene for further characterization. Different molecular weight PS was obtained from complexes with amylose of different degrees of polymerization bearing a decreased polydispersity as compared to standard free radical polymerization. This two-step approach 
